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A B S T R A C T
The decrease in cognitive/motor functions and physical abilities severely aﬀects the aging population in carrying
out daily activities. These disabilities become a burden on individuals, families and society in general. It is
known that aging conditions are ameliorated with regular exercise, which attenuates the age-associated decline
in maximal oxygen uptake (VO2max), production of reactive oxygen species (ROS), decreases in oxidative da-
mage to molecules, and functional impairment in various organs. While beneﬁts of physical exercise are well-
documented, the molecular mechanisms responsible for functional improvement and increases in health span are
not well understood. Recent ﬁndings imply that exercise training attenuates the age-related deterioration in the
cellular housekeeping system, which includes the proteasome, Lon protease, autophagy, mitophagy, and DNA
repair systems, which beneﬁcially impacts multiple organ functions. Accumulating evidence suggests that ex-
ercise lessens the deleterious eﬀects of aging. However, it seems unlikely that systemic eﬀects are mediated
through a speciﬁc biomarker. Rather, complex multifactorial mechanisms are involved to maintain homeostatic
functions that tend to decline with age.
1. Introduction
Physical exercise can increase blood ﬂow to working skeletal muscle
by up to 100- fold, and more moderately to the brain, whereas oxygen
supply and circulation decrease to the liver, kidney and testes [1].
Despite the variability in oxygen, blood, and energy supply to these
organs, all of them beneﬁt from regular exercise. Indeed, regular ex-
ercise/physical activity has the powerful eﬀect of decreasing the in-
cidence of a wide range of lifestyle-related diseases, and the eﬀect ap-
pears to be systemic. What are the molecular mechanism behind these
systemic eﬀects? Are they regulated by a common molecular pathway
or a molecular biomarker? The answers to these very important ques-
tions are not known presently, but a reasonable suggestion would be
that they result from the sum eﬀects of many signaling pathways that
are activated by exercise. An examination of the factors that inﬂuence
maximal oxygen uptake (VO2max) is promising to pinpoint the key
pathways or proteins involved, since the level of VO2max has become
an important biomarker for quality of life that is strongly associated
with a decreased incidence of lifestyle-related diseases [2–4]. It has
been suggested that a high VO2max was important to early humans,
because it probably increased the eﬃciency of hunting when pursuing
prey [5]. Moreover, a greater aerobic capacity could have provided a
signiﬁcant advantage in obtaining more and higher quality food, and
for escaping from enemy attack. Therefore, it is suggested that aerobic
exercise, especially running, could have been important for the evolu-
tion of Homo sapiens [6,7]. Based on these observations, we suggest that
not only an inherited high endurance capacity, but also the inherent
ability to increase aerobic endurance capacity in response to aerobic
activity, inﬂuences brain function and probably the function of other
organs.
In addition, it is well established that adaptive responses to exercise
could be dependent on genetic, and probably epigenetic factors [8]. The
adaptive response covers the antioxidant- and oxidative damage repair
systems as well as the capacity to generate reactive oxygen species
(ROS) [7].
Increased levels of VO2max not only decrease the incidence of
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mortality [4] and oxidative stress [9] but also up-regulate molecular
pathways, which enhance endogenous protection against ROS [1]. On
the other hand, aging is associated with decreases in VO2max and loss
of organ function as well as increases in ROS production and oxidative
stress [10].
In this article, we aim to critically review the scientiﬁc evidence and
potential mechanisms for the systemic eﬀects of exercise and whether
ROS-related pathways are a possible explanation.
2. Is VO2max a marker of systemic adaptive response?
It is clear that the level of physical ﬁtness is an independent pre-
dictor of mortality [11] including those caused by coronary heart dis-
eases [3,4] cancer [12], alcoholic cirrhosis [13], and diabetes [14]
among others. VO2max is one of the best known and most well studied
markers of physical ﬁtness and it is well accepted that increases in
VO2max decrease the overall rate of mortality [11]. There are few
studies on the relationship between VO2max and kidney, lung and liver
function, but the results suggest that low VO2max is associated with
impaired function of these organs [15–17].
Moreover, it is well documented that regular exercise promotes
ideal brain function [18] and mild physical activities such as walking
can reduce the risk of dementia, however, the possible link between
VO2max and brain function in humans has yet to be mechanically ex-
amined. On the other hand, because VO2max represents cardiovascular
ﬁtness the link between endurance and heart function is obvious.
Therefore, one can hypothesize that an elevated level of VO2max is
associated with the improvement or maintenance of heart, muscle,
brain, lung, liver and kidney functions in middle aged and older hu-
mans.
Regular endurance exercise does increase VO2max. However, it is
known that about 15–20% of the population does not respond to ex-
ercise training with a signiﬁcantly enhanced VO2max [19]. Thus, it is
questionable whether organ function in these individuals would
change.
VO2max is dependent upon cardiac output and arterio-venous dif-
ference, and the latter is further inﬂuenced by capillarization, myo-
globin levels, mitochondrial content and function. There is a close re-
lationship between the activity of citrate synthase (CS), which is used as
a marker of cellular mitochondrial content, and the levels of VO2max
[20], but CS is not related to mortality, suggesting a complex adaptive
regulation. In addition, the mitochondrial-speciﬁc respiration capa-
cities during β-oxidation, including maximal oxidative phosphoryla-
tion, and electron transport system capacity, all correspondingly im-
prove with aerobic capacity [20].
Davies at al. [21] and others [22] have shown that mitochondrial
factors are more closely inﬂuence the endurance capacity than VO2max.
Moreover, when subjects with similar VO2max but diﬀerent levels of
physical activity were compared, it turned out that those who did
regular training had a better metabolic proﬁle, like insulin tolerance
and lipid proﬁle, and at exercise tests they over-performed those, who
had similar VO2max but were untrained [23].
When the relationship between VO2max and mitochondrial hap-
logroups were studied, results revealed that VO2max diﬀerences among
haplogroups can account for electron transport chain function dissim-
ilarities and production of ROS [24]. Samples were haplo-grouped by
PCR ampliﬁcation of short mtDNA fragments, followed by restriction
enzyme analysis and conﬁrmed by sequencing of the hypervariable
region (HVR)-I and HVR-II [25]. J-haplogroup variants have higher
VO2max than individuals with no-J variants, but regular exercise
training suppresses the inﬂuence of mitochondrial background. The
ratio between ATP and ROS production in OXPHOS coupling eﬃciency
seems to be the main determinant of VO2max diﬀerences between
haplogroups [24]. The H-mitochondrial haplogroup variant induces a
larger amount of ROS, and this haplotype is under-represented (a small
number of subjects were in this haplogroup), while J-variants are over-
represented in the elderly [26]. These results suggest that mitochon-
dria, might be one of the cellular organelles that inﬂuences the bene-
ﬁcial eﬀects of the optimal VO2max in mortality and well-being and
may contribute to systemic eﬀects of exercise at the examined popu-
lation
3. Mitochondrial dynamics in exercise and aging
Mitochondrial content, dynamics and function, inﬂuence the gen-
eration of ROS and the overall capacity of the antioxidant system. It is
known, from the pioneering work of Dr. John Holloszy, that endurance
exercise increases the mass of mitochondria in the skeletal muscle [27].
Exercise training also increases mitochondrial levels in the brain, heart,
liver, and kidney [28,29]. Moreover, exercise training increases the
mtDNA content in testes, especially in aged rats [30], suggesting that
exercise has a beneﬁcial impact on male fertility, which could be in-
ﬂuenced by mitochondrial mass and function.
The coactivator peroxisome proliferator-activated receptor-γ coac-
tivator 1α (PGC-1α), through the co-activation of nuclear respiratory
factors 1 and 2 (NRF-1 and NRF-2, respectively) results in enhanced
transcription of nuclear-encoded gene products that are obligatory to
mitochondrial biogenesis. Besides stimulating the DNA binding of nu-
clear factors, PGC-1α activates mitochondrial transcription factor A
(TFAM), which is essential for gene expression from mtDNA [31].
During exercise, PGC-1α can be activated by AMP-activated protein
kinase (AMPK), silent mating type information regulation 2 homolog 1
(SIRT1), Ca2+/calmodulin-dependent protein kinase IV, calcineurin A,
and ROS [32,33]. But PGC-1α is not just activated by ROS, it can
control the level of ROS partly through the activation of nuclear factor
(erythroid-derived 2)-like 2 that binds to antioxidant response element
(ARE) [34]. Besides the activation of ARE, PGC-1α might be important
to exercise-induced increases in the expression of SOD2 [35]. In support
of this hypothesis, PGC-1α knock out mice exhibit a shift from oxidative
type I and IIa toward type IIx and IIb muscle ﬁbers [36], and these
ﬁbers have lower levels of antioxidant capacity than type I ﬁbers. This
shift results in decreased endurance capacity. In accordance with this
down-regulation, PGC-1α blunts antioxidant capacity [37]. It is also
known that type I ﬁbers have greater DNA repair enzyme activity,
suggesting better housekeeping of DNA [38].
Besides autophagy and mitophagy the mitochondrial network is
under continuous remodeling via mitochondrial fusion and ﬁssion,
which is also inﬂuenced by aging and exercise [39]. It has been sug-
gested that damaged mitochondria can lose their capacity to prevent
exacerbation of damage through fusion when incorporating with a
healthy mitochondrial network. Indeed, damaged mitochondria, having
lost the mitochondrial membrane potential, are degraded, while
healthy daughter mitochondria are able to proceed to fusion in order to
strengthen the mitochondrial network. When young and old rats were
subjected to exercise training it was observed that NRF1, TFAM, mi-
tofusin-1 (Mfn1) and ﬁssion-1 (Fis1) levels increased with age in ske-
letal muscle [39]. This might be a compensatory mechanism to oﬀset
the increasing levels of dysfunctional mitochondria, as ﬁssion and fu-
sion can dilute mitochondrial damage. Indeed high intensity interval
training in addition to PGC-1α, signiﬁcantly increased fusion and ﬁs-
sion proteins. After seven training sessions, Fis1 was increased by more
than 2 fold and dynamin-related protein-1 (DRP-1) increased by 47%
[40]. Besides Mfn1, the role of Mfn2 in mitochondrial dynamics is even
more signiﬁcant since repression of Mfn2 leads to morphological frag-
mentation of the mitochondrial network, and in myotubes it causes a
drop of mitochondrial membrane potential greater than 50% and glu-
cose oxidation by at least 30% [41]. Mutation of Mfn2 is associated
with myopathy [42] indicating that altered mitochondrial dynamics
compromises the function of this organelle [41]. It has been shown that
endurance training increased mitochondrial fusion through the activa-
tion of Mfn2 [43–45] and it appears that expansion of the volume
density of mitochondria is dependent on Mfn2. Optic atrophy 1 (OPA 1)
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also regulates fusion by shaping the level of inner‐membrane ultra-
structure and bioenergetics [46]. It has been shown that both electric
stimulation and leg press training results in similar adaptation of ske-
letal muscle in aged subjects, which includes elevated levels of force
generation, increased muscle mass, OPA1 and mitochondrial protein
contents [47]. Kitaoka and co-workers reported that caloric restriction
and endurance training together increased the levels of OPA1 and Mfn1
in rat skeletal muscle [48]. However, it is important to note that OPA1
can be involved in mitophagy as well, because mutation of OPA1 leads
to mitophagy and excessive mitochondrial fragmentation [49].
Exercise training seems to block the age-associated increase in all of
the above listed factors. Since exercise training signiﬁcantly decreases
the gap between young and aged muscles in the levels of various mi-
tochondrial markers, NRF1, TFAM, Mfn1, Mfn2, OPA-1, DRP-1 and
Fis1, we propose that regular exercise could help delay many of the age-
associated changes in muscle mitochondria [39]. Similar beneﬁcial ef-
fects of regular exercise have been reported for young and old mice
with ablation of PGC-1α, when hyper-fragmentation of mitochondrial
networks was observed in aged relative to young animals, and exercise
training normalized mitochondrial network structure in wild, but not in
PGC-1α KO animals [50] or in human subjects [51]. The beneﬁcial
eﬀects of exercise on mitochondrial dynamics is not limited to skeletal
muscle, but also includes brains [29,52,53] and fetal hearts from ex-
ercised dams [54], while other organs have not been studied.
Endurance exercise- induced increases in VO2max are associated
with enhanced mitochondrial biogenesis, the antioxidant system, organ
function and decreased mortality. VO2max is referred to as cardiovas-
cular ﬁtness, but it is also dependent on mitochondrial mass and
function. However, the work of Boushel et al., 2011 [55], revealed that
mitochondrial respiratory capacity at state 3, when half or more of the
muscle mass is working, exceeds the rate of oxygen delivery capacity of
the circulatory system. This result suggests that not muscle but the
capacity of oxygen delivery by the cardiovascular system is the limiting
factor of performance. Indeed, the ablation of single regulatory tran-
scription factors, which inﬂuence mitochondrial biogenesis, often leads
to a decrease in the basal mitochondrial content of muscle. This de-
crease can be overcome with exercise training, at least in part, sug-
gesting that exercise activates a multitude of pathways, which respond
to restore mitochondrial health [56].
4. SIRT3, a mitochondrial protein that mediates exercise-
associated adaptation
Sirtuins (SIRT1–7) play an important role in aging and in the
adaptation to caloric restriction and exercise by controlling vital cel-
lular signaling pathways [57,58]. Recently, SIRT-3 has emerged as an
important protein in mitochondrial function, as it is localized in mi-
tochondria and, via deacetylation of regulatory proteins, controls fatty
acid oxidation, oxidative phosphorylation, ketone body synthesis, and
the urea cycle [59].
When three generations of women with the same maternally in-
herited mtDNA sequence were studied, an age-associated decline in the
skeletal muscle content of SIRT3 and mtDNA copy numbers as well as
an increase in mitochondrial protein acetylation were observed [60].
This result was conﬁrmed on male subjects also [61]. The increased
level of protein acetylation is due to increased activity of the mi-
tochondrial acetylase GCN5 and the decreased activity of SIRT3.
However, fasting or other metabolic challenges increase the activity of
SIRT3, which deacetylates, and therefore activates, the enzyme re-
sponsible for formation of acetyl-CoA from acetate [acetyl-CoA-syn-
thase (AceCS) [62]. AcsCS is then converted to acetyl-CoA and utilized
in the citric acid cycle. Among the wide range of deacetylating targets
of SIRT3, we can ﬁnd p53, p300, Ku70, mitochondrial ribosomal pro-
tein L10 and metabolic regulators like ornithine transcarbamoylase,
succinate dehydrogenase, and FOXO3 [58].
Because exercise brings a metabolic challenge to most of the organs,
either by increasing or decreasing blood and energy supplies, SIRT3 is a
potential mitochondrial protein, which could mediate exercise-asso-
ciated adaptation. SIRT3 levels are increased in those organs which
have a higher metabolic rate, including liver, kidney, and heart [63]
and are readily up-regulated by caloric restriction [64] and exercise
training [65]. Hence, the levels of SIRT-3 are elevated in skeletal
muscle of trained subjects [66,67]. Besides controlling lipid and car-
bohydrate metabolism, SIRT3 also deacetylates and activates SOD2,
and isocitrate dehydrogenase 2, an enzyme in the TCA cycle that helps
to replenish the mitochondrial pool of NADPH [63]. SIRT3 levels are
increased with exercise training in the hippocampus, skeletal muscle,
liver and heart [67–71].
Based on current knowledge, it cannot be completely ruled out that
mitochondrial content, dynamics and function are linked to a systemic
Fig. 1. The suggested relationship between VO2max,
organ function and mitochondrial dynamics. Increased
levels of cardiovascular ﬁtness, VO2max is associated with
decreases in mortality and improved organ function, sug-
gesting a systemic response to regular exercise. Increased
levels of ﬁtness are often associated with mitochondrial
biogenesis and well balanced mitochondrial dynamics.
The adaptive response of SIRT3 to exercise training could
attenuate the age-associated decline in cellular metabo-
lism and the increase in mitochondrial ROS production.
Exercise training decreases oxidative stress and attenuates
age-associated deterioration of mitochondrial function.
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exercise-associated adaptation, which includes a decreased rate of
mortality and enhanced levels of antioxidant and oxidative damage
repair systems (Fig. 1).
5. Exercise, aging and main housekeeping systems
The health beneﬁt eﬀects of exercise and the mortality decreasing
eﬀects are generally seen at about age 60, while in younger healthy
populations, higher level of cardiovascular ﬁtness is not associated with
a decreased rate of mortality [72,73]. Aging is associated with a de-
creased ability to maintain homeostasis, and decreased physiological
functions, which includes increased production of ROS and decreased
levels of anti-oxidant housekeeping enzymes such as the proteasome
and Lon protease [74]. The eﬀects of aging are systemic and the eﬀects
of physical exercise are also systemic. The fact that the eﬀects of phy-
sical exercise are systemic is a key component for oﬀsetting or
prolonging the systemic eﬀects of aging.
The aging process itself is clearly linked to life styles such as nu-
trition, health care education and physical activity. It is suggested that
these environmental factors account for 70% of the variation in life
span [75] and the avoidance of the risk factors that cause many diseases
[76]. As stated earlier, the level of aerobic capacity, VO2max, is in-
versely related to mortality [12].
Aging, especially in the last quarter of an average life span, is as-
sociated with an increased accumulation of oxidative damage [7] and a
decrease in organ function. An alternative theory suggests that the age-
associated loss in stem cell number and/or activity over time causes a
decline in organ function. However, according to our current under-
standing, the mechanism behind the aging of stem cell populations
appears to be similar for other cell types. One of the major factors is
oxidative stress [77]. Oxidative stress is often evaluated by oxidative
damage markers, the levels of which are dependent on the production
of ROS, the rate of ROS elimination by antioxidant systems, and the
eﬃciency of the oxidative damage repair systems, which often are cu-
mulatively called the housekeeping system.
5.1. Proteasome system
The proteasome system is the primary protein degradation pathway
in the cell. It is responsible for removal of damaged e.g. oxidatively
modiﬁed proteins, and those of short-lived proteins. Although the exact
molecular mechanism is unclear, an age-related accumulation of da-
maged proteins favors the aging processes and the development of
diseases. Johnson and co-workers studied the eﬀects of endurance
training on protein degradation in human subjects using mass spec-
trometry to quantify semitryptic peptides and ﬂuorogenic substrates for
peptidylglutamyl-like activity of the 26S Proteasome [69]. Results
showed that eight weeks of exercise training increased total and mi-
tochondrial protein semitryptic peptides in young humans while older
participants exhibited a decline. Similar data were obtained for pro-
teasome assays [69]. The authors suggested that young subjects cope
with exercise-induced oxidative challenge with enhanced house-
keeping, while older subjects increased the buﬀering capacity against
ROS by enhanced antioxidant system activity [69]. In another human
study, where the acute eﬀects of resistance exercise were studied, the
proteasome system was activated in the skeletal muscle of old subjects
(72 ± 2 years) [78]. It is important to note that the type of exercise
(acute, chronic, endurance, resistance, etc.) and the type of measured
proteasome activity (chymotrypsin-like, trypsin-like, caspase-like) had
a signiﬁcant impact on the results.
Most studies on animals used aerobic endurance exercise to in-
vestigate the response of proteasome to physical training. We have
reported that exercise training increased the activities of the protea-
some in skeletal muscle [79] and the brain [80] of young and old
trained rats. The fact that exercise increases the activity of the pro-
teasome in the brain could be very important since it was shown that
the proteasome can degrade beta-amyloids [81], which could partly
explain why regular exercise decreases the incidence of Alzheimer
Disease [82].
The increases in proteasome activity might reﬂect a faster rate of
protein turnover, and/or better remodeling after exercise-associated
micro injuries. On the other hand, when aged rats were subjected to
immobilization, the associated increase in proteasome activity was at-
tenuated by aerobic exercise [83], suggesting that exercise can enhance
recovery after atrophic stimulus. Ziaaldini and co-workers [84] also
reported that six weeks of exercise training at 60% of VO2max reversed
the age-associated activation of catabolic and apoptotic pathways and
increased anabolic signaling. These results suggest that the age-asso-
ciated loss of muscle mass and cachexia could be due to the orche-
strated down-regulation of anabolic and up-regulation of catabolic and
pro-apoptotic processes [84]. Muscle-RING-ﬁnger protein 1 (MuRF-1) is
an ubiquitin ligase and is considered to be linked to proteolytic de-
gradation. When MuRF-1 levels were checked in old and young women
after a single bout of resistance exercise, data showed that, in both age
groups, the MuRF-1 increased within four hours [85]. MuRF-1 adds
ubiquitin to target proteins like NRF1, which results in protein de-
gradation by proteasome complex [86]. It is important to note that the
proteasome, which targets K48- linked ubiquitin chains [87], is also
involved in the regulation of proteins for many cellular processes, in-
cluding cell cycle and transcriptional regulation and even in DNA repair
[88]. The proteasome degrades p53 when it is ubiquitinated by onco-
protein MDM2, which behaves as an E3 ubiquitin ligase [89]. The re-
sults of a recent study that used a hindlimb unloading model on mice
with a supplementation of allopurinol, which attenuated muscle
wasting, suggests that the proteasome system is indeed an appropriate
target to prevent muscle atrophy [90].
5.2. Lon protease
Lon is localized in the mitochondria and is an important factor in
quality control of mitochondrial proteins. The levels/activities of Lon
protein decline with age, which could result in the accumulation of
oxidized or dysfunctional proteins in the mitochondria [91,92] leading
to the loss of mitochondrial function. Hindlimb immobilization led to
down- regulated Mfn and Fis-1 proteins along with Lon protease levels
in murine gastrocnemius muscle [93]. On the other hand, we have
shown that regular exercise can prevent the age-related decline in Lon
in skeletal muscle of rats and, therefore, rejuvenate proper quality
control of proteins in older cells [39]. Moreover, it has also been shown
that aerobic training- responder rats have higher levels of Lon protease
than non-responders after exercise training, suggesting better mi-
tochondrial housekeeping [94]. These results suggest that exercise
training results in up-regulated housekeeping in the mitochondria of
skeletal muscle.
5.3. p53
The transcription factor p53 is involved in complex regulatory
systems to protect the genome and cope with a variety of stressors. In
response to DNA damage, members of the p53 family are stabilized via
post-translational modiﬁcations and are functionally involved in the
initiation of various DNA damage-driven cellular responses that even-
tually determine the fate of cells, by modulating the expression of
factors key to cell proliferation, the process of DNA repair, and as a
result, the aging process [95]. In a study where progeroid aging was
mimicked by an inherent defect in mitochondrial polymerase gamma
(POLG1) proofreading function, results showed that ﬁve months of
endurance exercise induced systemic mitochondrial biogenesis, pre-
vented mtDNA depletion and mutations, increased mitochondrial oxi-
dative capacity and respiratory chain assembly, restored mitochondrial
morphology, and blunted pathological levels of apoptosis in multiple
tissues of mtDNA mutator mice [96]. Endurance exercise completely
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rescued mtDNA depletion in skeletal muscle, heart, and liver of DNA
polymerase gamma (PolG) mice. When oxidative damage to POLG1
mutator mice was studied, it was noted that mitochondria from tissues
of mutator mice demonstrated a substantial increase in H2O2 produc-
tion, along with elevated protein carbonyls and 4-hydroxynonenal (4-
HNE) content, which was attenuated by exercise training [97]. More-
over, endurance exercise diminished telomere erosion and down-regu-
lated aberrant p53 signaling and pathological levels of apoptosis in
PolG mice [97]. Furthermore, it was shown that tumor suppressor
protein p53 translocates to mitochondria and facilitates mtDNA muta-
tion repair and mitochondrial biogenesis in response to endurance ex-
ercise. p53 is one of the most well studied proteins, due to its role in
DNA repair, but p53 may regulate contractile-induced increases in
mitochondrial content via modulating TFAM activity, given that p53
KO mice display reduced skeletal muscle mitochondrial DNA, TFAM
messenger RNA and protein levels [98]. Indeed, p53 ablation results in
signiﬁcant decreases in exercise capacity (in the magnitude of 50%) for
treadmill running [98]. p53 is one of the prime targets of SIRT1 which
is readily activated by physical exercise, probably through direct
phosphorylation by AMPK [99], which leads to the deacetylation/in-
activation of p53 [57,100].
5.4. Autophagy
Autophagy and mitophagy are important parts of cellular house-
keeping. Autophagy is a catabolic process, which encompasses the
diﬀerent routes that cells use to deliver cytoplasmic substrates to ly-
sosomes for degradation. Autophagy is a cytoprotective process in
which non-nuclear (cytoplasmic) parts of the cell can be renewed to
meet the bioenergetic demand of the cell in conditions of dwindling
external or internal resources [101]. Indeed, autophagy is also an im-
portant regulator of the homeostasis of mitochondria. Dysfunctional
mitochondria that have lost their membrane potential and are more
likely to release ROS and be targets of autophagy, are replaced by ﬁt
mitochondria via phosphorylation reactions mediated by the kinase
PINK1 and subsequent ubiquitination of mitochondrial membrane
proteins by the E3 ligase Parkin [101].
Ablation of PGC1α has been shown to result in a 40% decrease in
mitochondrial content, as well as a 25% decline in running perfor-
mance, while a single bout of exercise induced increased transcript
levels of the autophagy factors LC3B and p62 in wild but not in KO mice
[102]. ROS are important regulators of autophagy, and the cross talk
appears to be bidirectional [103], meaning that ROS production can
prevent a positive feedback loop whereby increased autophagy is sti-
mulated by oxidative stress, resulting in further increases in ROS and
autophagy [103]. Autophagy can be linked to aging, because longevity
can be modulated via mTOR suppression [101]. Physical exercise can
act through AMPK and SIRT1 activation pathways to attenuate the
aging process via autophagy [104].
5.5. Mitophagy
Signiﬁcant damage to mitochondria can result in the ubiquitination
and proteasomal degradation of Mfn1 and Mfn2 and subsequent mito-
phagy [105]. AMPK has been reported to regulate autophagy and mi-
tophagy by activating unc-51- like autophagy activating kinase 1
(ULK1) [106]. Endurance exercise at the intensity of 70% of VO2max
for 30min signiﬁcantly increased the phosphorylation of ULK1Ser757 in
the vastus lateralis muscle of young subjects [107]. In studies on mice,
the increase in mitophagy markers of BNIP3 and Parkin suggest that
mitophagy was increased after 90min running with 10m/min speed in
animals who run at fasted conditions compared to fed control groups
[108]. AMPK and muscle-speciﬁc knockouts of Ulk1 transgenic mice
have been used to study the eﬀects of exercise on muscle mitophagy
[109]. Data showed that during exercise, AMPK phosphorylates Ulk1,
which is required for the resolution of exercise-induced mitochondrial
damage through mitophagy during recovery [109]. Deletion of the Ulk1
gene in skeletal muscle inhibits mitophagy without aﬀecting lysosome
formation in response to exercise, which suggests a novel role for Ulk1
in targeting lysosomes to damaged/dysfunctional mitochondria that
has implications for metabolic adaptations to exercise training. The
investigators used MitoTimer and 4HNE to assess oxidative stress, and
found increased generation of ROS, three and six hours after exercise.
These ﬁndings suggest that during the recovery phase, the continued
oxidative phosphorylation and sudden reduction of ATP consumption
dominate the excessive production of mitochondrial ROS [109].
5.6. Base excision repair
Regular exercise has been shown to decrease the incidence of
mortality in cancer and it is suggested that this could be partly due to
the fact, that exercise increases the activity of DNA repair enzymes
[110]. Oxidative DNA base damage is primarily repaired via the base
excision repair pathway that is initiated by DNA glycosylases. The most
abundant DNA base lesion is 7, 8-dihydro-8-oxoguanine (8-oxoG) due
to the fact that guanine has the lowest redox potential among the four
nucleobases [111]. 8-OxoG is repaired primarily by 8-oxoguanine DNA
glycosylase1 (OGG1), which recognizes and excises 8-oxoG and ring-
fragmented purines, including 2,6-diamino-4-hydroxy-5-for-
mamidopyrimidine (FapyG). OGG1 is not just the most well studied
repair enzyme, but also its role in cleaving 8-oxoG links it to cellular
signaling [112], metabolism [113], inﬂammation [114] and epigenetics
[114–116]. Interestingly, polymorphisms in the OGG1 gene is asso-
ciated with the incidence of type II diabetes in human cohorts [117].
We have reported that endurance exercise at an intensity of 70% of
VO2max resulted in increased activity of OGG1 and decreased accu-
mulation of 8-oxoG in skeletal muscle [118] and liver of rats [119] and
exercise attenuated the age-associated loss in the activity of OGG1. The
activity of OGG1 is greater in slow ﬁbers than fast ﬁbers [38] and the
activity is increased in the nucleus and decreased in mitochondria as a
result of exercise training [38,119]. When ROS production, 8-oxoG, and
OGG1 were studied in high and low running capacity rats, data re-
vealed that high running capacity was associated with an increased
production of H2O2, decreased levels of 8-oxoG and no diﬀerence in the
protein level of OGG1. This suggested that genetic segregation for high
running capacity has generated a molecular network of cellular adap-
tations, facilitating a superior response to oxidative stress [120].
Both acute and regular exercise increases the activity of OGG1 in
human skeletal muscle [67,121], when acetylated by p300 [122] and
deacetylated by SIRT1 [123].
Recently, studies on OGG1 suggest that OGG1 is linked to regulation
of mitochondrial dynamics in both in vivo and in vitro models. Cells
overexpressing OGG1 had increased membrane potential and decreased
mitochondrial fragmentation [124]. The protein levels of ﬁssion and
apoptotic factors such as DRP1, FIS1, cytoplasmic cytochrome c, were
decreased in adenoviral OGG1 overexpressed cells. These observations
suggest that OGG1 overexpression may be an important mechanism to
protect cardiac cells against oxidative stress damage [124]. Moreover, it
turned out that ablation of OGG1 is associated with metabolic syn-
drome, insulin resistance, increases in muscle lipid droplets, and altered
fat metabolism [113,125]. These data suggest that the enzyme, which
repairs the most abundant oxidative modiﬁcation of DNA, 8-oxoG, has a
complex regulatory function, and indicates a need to re-evaluate the
role of exercise-induced activity of OGG1. Therefore, based on the data
obtained from OGG1 knock-out models, it cannot be excluded that the
well-known preventive or curative eﬀects of regular exercise on meta-
bolic syndrome, obesity, and insulin resistance at the cellular level, are
at least in part, modulated by the stimulating eﬀects of exercise on
OGG1. Exercise indeed, increases OGG1 activity in skeletal muscle
[126], liver [119], and brain [123].
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6. Conclusion
Elevation of maximal oxygen uptake is directly correlated with
decreased mortality, and beneﬁcially eﬀects organ functions, including
the eﬃciency of the antioxidant and repair systems. It appears that
regular exercise increases mitochondrial biogenesis, dynamics and
SIRT3 activity, in all the measured organs. However, the systemic ef-
fects of exercise are not dependent solely on a single mitochondrial
factor. Despite the fact that regular exercise attenuates most age-related
deteriorations in mitochondrial function or dynamics, we cannot
narrow the signaling pathways into a single protein or cellular pathway.
Regular exercise increases the activity of cellular housekeeping, for
which eﬃciency declines signiﬁcantly with age and includes the pro-
teasome complex, Lon protease, autophagy, mitophagy and the activity
DNA repair enzymes involved in ROS mediated damage (Fig. 2). Reg-
ular exercise increases the activity of OGG1, which is involved in DNA
repair, cellular signaling and epigenetics, demonstrating the complex
eﬀects of exercise on cellular function and attenuation of the aging
process. Overall, it seems that redox signaling pathways are very im-
portant in the systemic health promoting eﬀects of physical exercise,
and these pathways are multi branched.
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